Introduction
A considerable amount of dust is generated due to mechanical wear/degradation of iron ore pellets during handling, transportation and iron making process. The generation of dust leads to significant material losses as well as it causes environmental issues. More specifically, this occurs in a blast furnace (BF). Large amounts of solid materials are charged and these raw materials move from the upper to the bottom part of the furnace. Therefore, a large amount of dust is formed in the furnace and it exits the blast furnace with the off-gases. Thereafter, dust from BF gases is separated into dry flue dust (coarse fractions) and sludge (fine fractions) using a two stage gas cleaning system. The amount of produced dry dust can vary from 13 to 18 kg per ton of hot metal. 1, 2) The flue dust particles consist mainly of 20-40 wt% Fe from pellets and 30-50 wt% C from coke.
3)
The exiting flue dust from the BF increases the losses of valuable raw materials and the energy consumption needed per ton of produced hot metal. Moreover, this dust can clog the channels inside the BF charge, which are used to transport reduction gases into different zones of this charge. As result, this will decrease the blast furnace productivity. Therefore, results from an investigation of the characteristics of charging materials and mechanisms of dust formation during loading and moving of a charge in the blast furnace can significantly help to decrease the amount of dust in BF
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off-gases.
In previous studies the degradation of iron ore sinter and lumps has been investigated using Tumbler test and Drop test. 4, 5) In these tests, fines smaller than 5 mm are usually studied. Tumbler tests are performed for pellets in accordance to the ISO 3271 standard. 6) These tests report the fraction of material under 0.5 mm as an abrasion index. However, in the case of the BF process and when using 100% iron ore pellet as Fe containing charge, the dominant fraction of particles in BF flue dust is < 0.063 mm.
3) This suggests that the above mentioned abrasion index does not exactly indicate the dust generation tendency of pellets. J. A. Halt and S. K. Kawatra 7) has also shown that the abrasion index and dustiness have a poor correlation for iron ore pellets. Moreover, based on the results of Tumbler tests, it was reported 8) that the iron ore pellets having larger sizes have a higher abrasion index.
C. R. Copeland and S. K. Kawatra 9) developed a dust tower to investigate the airborne particulate generation. This dust tower was used by Halt et al. 10) to determine the factors affecting dust generation from iron ore pellets. It was reported that the pellet chemistry and pellet firing temperature are the main factors influencing the dust generation. However, the effect of the characteristics of pellets (such as size, hardness and density) on the dust generation has not been investigated.
This study is focused on the investigation of mechanism of the mechanical wear of commercial iron ore pellets. The influence of the pellet characteristics on the wear rate has been investigated. Furthermore, the particle size distribu-tions in the dust generated during different laboratory wear experiments and in the industrial dust were investigated and the results were compared to each other.
Experiment Method
In this study, the characteristics of pellets (weight, size, circularity factor, density and hardness) were investigated by using commercial olivine pellets (MPBO pellets) produced by LKAB (Sweden). The typical chemical composition of MPBO pellets is given in Table 1 . The size and circularity factor (CF) of pellets on images were determined by using the "Image J" software. The size of each pellet represents an equivalent diameter (D eq ) of a circle, which has the same area as the measured area of this pellet (A pel ) on a two dimensional image, as given below. The circularity factor is defined as follows:
where P pel is the perimeter of pellet on an image. The densities of 30 pellets having different size were determined in accordance to Archimedes principle. In the density measurements water or 99.99% pure ethanol was used as the fluid. In addition, the hardness of pellets was determined by using a digital Vickers hardness tester to measure the micro hardness (HV) according to the ISO6507-1 standard.
11) The HV values for pellets were measured at different points on a central section of a polished surface by moving from the surface to centre of the pellets.
A planetary mill was used to investigate the mechanical wear of the pellets. A certain amount of pellets placed in a metallic container (inside diameter = 50 mm, depth = 30 mm) was rotated in the planetary mill at a rotation speed of 400 RPM. A Schematic illustration of the experimental equipment and the main operations of the experimental trials are shown in Fig. 1 . The mechanical wear trials were performed using two methods: i) Method 1 -the generated dust was kept in the metallic container during all experimental trials and ii) Method 2 -the generated dust was removed from the container after each time interval (Δt) to enable an investigation of dust characteristics. In order to maintain similar experimental conditions, a similar weight of pellets (60-62 g) was used in most trials by keeping the solid load of pellets the constant. The weight of pellets was measured before (W t ) and after (W t + Δt ) the rotation and for each time interval. Thereafter, the wear rate (WR) of pellets during a time interval was calculated according to Eq. (3):
Dust analyses were carried out in the trials of Method 2. For evaluation of particle size distribution (PSD) of dust, a measured amount of dust was mixed in methanol by using ultrasonic vibrations. After filtration, the dust particles on a surface of a film filter (PTFE film filter with an open pore size of 0.1 μm) were investigated by using a scanning electron microscope (SEM) at magnifications of 300 to 1 000. In addition, the dust produced during transportation and loading of industrial pellets provided by LKAB was also analysed. Figure 2 shows typical commercial pellets and dust particles observed on a film filter. The maximum size of each dust particle on the SEM images was determined by using the "ImageJ" software. The particle size distribution (PSD) of the dust generated during the wear tests was determined as the number of dust particles in the respective size range per unit weight (N W ) of dust, which is calculated as follows:
where n is the number of investigated particles in the given size range. The parameter A f is the total area of PTFE filter with dust particles ( = 1 220 mm 2 ), A obs is the observed area on PTFE filter and W d is the total weight of dust dispersed on the film filter during a filtration.
Results and Discussions

Characteristics of MPBO Pellets
Previously it was reported 7) that the iron ore pellets having larger size experiences a larger wear during the Tumbler tests. Therefore, the industrial pellets investigated in this study were classified into three groups according to their weight (W) and size (D eq ), as shown in Fig. 3 . Group A represents small sized pellets (W < 3.0 g, D eq < 12.5 mm), Group B includes the middle sized pellets (3.0≤ W≤ 3.5 g, 12≤ D eq ≤ 14 mm) and Group C represents large sized pellets (W > 3.5 g, D eq > 13.5 mm). In this study, the characteristics of pellets from Groups A and C were evaluated and compared. The data from Group B were not considered due to a significant overlapping of their characteristics with Groups A and C. Also, the weight of pellets was selected as a main precise and easy factor for the pellet classification because the D eq value can vary significantly depending on the pellet disposition. Table 2 summarizes the characteristics of pellets from both investigated groups. As can be seen, the average value of the circularity factor (CF) for pellets of Group A is slightly larger compared to those of Group C. That means that the pellets from Group C are more irregular in shape compared to those from Group A.
The densities of pellets from Groups A and C are very similar, as can be seen in Table 2 and Fig. 4(a) . Moreover, the micro-hardness (HV) of pellets from both groups was also similar (see Table 2 ). However, it was found that the HV values of the outer layers of all pellets are 2.6-3.3 times larger than the HV values in the center, as shown in Fig. 4(b) . It can be explained by the presence of a duplex microstructure in the sintered pellets, i.e. the outer layer contains hard hematite and the inner core contains relatively soft magnetite.
12)
Mechanical Wear of Pellets
To evaluate the effect of test conditions for mechanical wear of pellets on the dust formation and wear rate, two test methods without and with removing of formed dust (Method 1 and Method 2, respectively) were investigated Fig. 3 . Relationship between the size (Deq) and weight (W) of pellets and a classification into different groups. The difference in WR values due to different methods and time interval can be explained by the so called "cushioning effect" of dust. This means that the presence of generated fine dust in the container can reduce the wear rate of material pieces. The cushioning effect has been reported in several previous studies carried out to study the degradation of iron ore.
13) The effect of the accumulated dust in container on the mechanical wear rate of Group A pellets obtained at different test conditions in this study can be seen in Fig.  6 . It is apparent that the WR value in all test experiments decreases linearly with the increased amount of accumulated dust, irrespective of the method being used. Therefore, in order to minimise the cushioning effect of dust, a time interval of 2 min was selected for the subsequent experimental trials using Method 2. Figure 7 presents the particle size distributions for experimental dusts, which were collected after 4 min of the trials when using Method 2 for the Group A and C pellets as well as for industrial dust. In this figure, the N W value represents the number of dust particles in the given size range in 1 gram of formed dust. It can be seen that the experimental and industrial dusts have similar PSDs, which indicates that the experimental conditions of used trials can simulate the industrial dust generation process.
A comparison of wear rates for pellets of Group A and C obtained at the same test conditions (Method 2, Δt = 2 min) is shown as a function of the wear test time in Fig. 8 . It is noteworthy that the WR values of pellets from Group C (2.4-3.7 wt%/min) are significantly larger than those from Group A (2.1-3.1 wt%/min). Moreover, the WR values of pellets for both groups significantly increase during the first 12-14 minutes of the wear test. Thereafter, the wear rate of the pellets becomes almost constant. Similar results were obtained for the trials performed a with a Δt value of 5 min i.e. the wear rate of pellets from Group C was significantly higher than those from Group A.
In a previous study on the degradation of coke pieces in a rotating drum, it was reported that the rate of degradation of large sized pieces is higher compared to the small sized pieces of coke.
14) The higher collision energy of larger sized pieces was considered to be the reason for the higher degradation rate. Umadevi et al. 7) carried out tumbler tests in accordance to the ISO 3271 standard, 6) where 15 kg of different sized iron ore pellets were rotated in a circular drum at a speed of 25 RPM for 8 minutes. The results showed that the abrasion index of pellets increases with an increased pellets size. The pellets were divided in different fractions through sieving: + 16, − 16 + 12.5, − 12.5 + 10 and − 10 mm. According to the results, the wear rate of fractions − 16 + 12.5 mm and − 12.5 + 10 mm were 0.60 wt%/min and 0.42 wt%/min, respectively. However, the reason for the difference in wear rate has not been clearly explained. The pellet fractions − 16 + 12.5 mm and − 12.5 + 10 mm correspond roughly to the size ranges of pellets of Groups C and A in the present study, respectively. However, the wear rates observed in the present study are significantly higher (WR C = 2.43 and WR A = 2.14 wt%/min after 4 minutes of a rotation test) compared to those obtained by Umadevi et al. These significant differences of the WR values in reference 7) and the present study can be explained by the higher rotation rate being used in this study and by the larger "cushioning effect" of dust in Umadevi's 7) trials. The difference of mechanical wear of pellets having different sizes can be understood by a consideration of following possible wear mechanisms during the wear tests: i) wear due to the pellet/pellet and/or pellet/surface of metallic box sliding (sliding/abrasion wear) and ii) wear due to the pellet/pellet and/or pellet/surface of metallic box collisions (collision/impact wear). The wear rate due to the sliding should be directly correlated to the total surface area of pellets whereas the wear rate due to the collisions is dependent on the number of collisions and collision energy. It may be suggested that the sliding/abrasion process should generate fine dust particles, whereas dust particles generated due to impact/collisions should be relatively coarser. The size of dust particles generated by the collisions should be directly related to the collision energy. It was assumed that the abrasion is dominant for pellets of Group A because the number of these pellets (23-25 pellets/charge) is larger. Furthermore, they are relatively compactly packed in the metallic container in comparison to those for Group C (14-15 pellets/charge). Moreover, the total surface area of small pellets is significantly larger in these trials than those of large size pellets. Also, the decreased number of Group C pellets at the same weight charge promotes an increase of the collision energy and, as a result, the collision wear of these pellets.
The increase of the WR values during the wear tests can be explained by that a hardness gradient exists in all pellets. It is apparent that the harder materials have a higher resistance to wear. 15) As reported earlier in this study, the hardness of different group of pellets tends to decrease from surface to core. However, when the wear process after 12-14 min reached the softer inner core of pellets, the wear rate became almost constant. Figure 9 shows the typical PSDs of dusts generated after 4, 14 and 24 minutes of the wear trials of pellets from Group A and Group C. In this study, the investigated dust particles were divided into three size ranges, i.e. fine particles (0-10 μm), medium size particles (10-20 μm) and coarse particles ( > 20 μm). As can be seen in Figs. 9(a) and 9(b), the number of fine dust particles for pellets of Group A is higher than those of Group C, whereas the number of coarse particles is significantly larger for the pellets from Group C. This clearly indicates that the dust obtained from the pellets of Group C contains a larger number of coarse particles, which have a larger weight fraction in comparison to the small sized particles. It supports the assumption that collisions is a dominating mechanism during the wear trials for the Group C pellets. It is apparent that the amount of dust, which will exit the blast furnace with the off-gases, depends on the size and number of particles in the generated dust and the gas flow rate. Also, a critical diameter of particles which can be removed by off-gas at the given flow rate can be estimated by using the following relation: The values of off-gas velocity at the top of the blast furnace can vary from ~1 m/s towards the wall to ~7 m/s at the centre of the upper part of BF. 18) For an evaluation of
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Re p values in this study, it was assumed that the velocity of dust particles (U p ) is same as that of the off-gas at the top of BF (U p = U t (6) where μ g is the gas viscosity (1.8 × 10 − 5 kg/m·s). 17) It was found that the Re p values varied from 0.4 to 500 for the gas velocities of 0.3-9.6 m/s and particle size in the range 21 < d p ≤752 μm. Therefore, the value of C D = 10/(Re p 1/2 ) was used in Eq. (5). Based on Eqs. (5) and (6), the critical diameter of dust particles, which can be removed with offgas from the BF, can be calculated as follows: Figure 10 shows a relationship between the off-gas velocity at the top of blast furnace and the critical diameter of particles in the dust. It can be seen that the dust particles having the size smaller than ~78 and ~550 μm can be removed from the BF at the off-gas velocities of 1 m/s and 7 m/s, respectively. This indicates that higher off gas velocities will result in substantially higher amounts of off-gas dust in BF. The relationship between the critical diameter of dust particles and velocity of off-gas in the top part of the BF can be described at the given conditions using the following linear function: 
. (8)
The analysis of dust generated during the given laboratory wear experiments and industrial dust showed that most of the generated particles are less than the critical diameter (78 μm) for off-gas velocity of 1 m/s. This suggests that the most dust particles generated due to mechanical wear of pellets can be easily blown out with BF off-gases.
The dust particles with different weight fractions can behave differently in a flow of air/gas. Therefore, it is important to understand which mechanisms of the mechanical wear is dominant during the different stages of an iron making process. Figure 11 presents a schematic illustration, which identifies dominant mechanisms of wear at different stages of the iron making process. It indicates that during loading, unloading and charging of pellets, collisions have a relatively higher contribution to the amount of gener- Fig. 10 . Relationship between the off-gas velocity and the critical size of dust particles which can be removed from the top of a blast furnace along with the off-gases. ated dust as compared to sliding. Whereas, sliding wear is dominant during transport of pellets through vehicles and conveyor belts and descending of burden in the blast furnace. Presuming that the pellets are screened before charging into a BF and that the dust generated on conveyor belts is charged into the BF together with the pellets, it can be inferred that relatively larger amounts of fine particles than coarse particles should be expected in BF flue gases. Although it is not easy to quantify the dust generation and contribution of each mechanism at the different stages of a process yet dust generation can be minimized by optimizing some parameters such as the height of drops, the length and speed of conveyor belts and off gas velocities etc. A further study to estimate dust generation during each process step and optimization of process parameters is required.
Conclusions
The generation of dust particles from iron ore pellets during handling as well as in iron making processes can be a significant problem. In this study, the characteristics of iron ore pellets and their influence on the mechanical wear of pellets have been observed in laboratory mechanical wear tests. The weight and size were selected as deciding factor for the classification of pellets into groups. Based upon the presented experimental results the following conclusions can be made:
(1) The density and hardness of different sized pellets was observed to be similar. Moreover, the outer layer of a pellet is 2.6-3.3 times as hard compared to the center of the pellet.
(2) It has been shown that current experimental methods of mechanical wear tests can be used to produce dust similar to that found in industrial processes.
(3) The size of pellets under the current experimental conditions can influence the wear rate of pellets. Large sized pellets (Group C, 13.5 < d eq < 15.0 mm) showed a 10-20% higher wear rate compared to the small sized pellets (Group A, 9.5 < d eq < 12.5 mm). The analyses of the dust generated during the wear trials suggested that impact/collisions is the dominating mechanism in causing wear of large size pellets, whereas sliding/abrasion is the dominating mechanism causing wear of small sized pellets.
(4) The critical diameter of dust particles (d p ), which can be removed from the top part of a blast furnace with offgas at a certain velocity (U t = 0.3-9.6 m/s), can be estimated by using the following linear function: d p = 7.87 × 10 − 5 ·U t . Most of the dust particles, which are generated due to the mechanical wear of pellets and have the size smaller than 78 μm, can easily be removed with the off-gases from the blast furnace.
(5) Sliding/abrasion and impact/collisions mechanisms of mechanical wear of pellets can influence differently on the amount of generated dust at different stages of the iron production process.
